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The diversity (5-16 species) and abundance (0.2-1.0 individuals/m’) of scorpions suggesl
that they may be quitc ccologically impornant in desert communities Ecological importance
is considered in terms of populatiun energetics (the quantity of encrzy and mass flowing
through populations) and of regulation of community strueture and dynamics (influence on
the distribunion and abundance of other species). The encrgetic analysis piovided tlirec
conclusions: 1) Searpions monopolise a relatively large share of animal biomass, particularty
relative to vertebrates and other arthropods. 2) This refative success is due to a suite of
auteeulogical traits (very low metabolism and very high assimilation efficiency leading to
low energy requirements; and great tolerances 1o water stress. heat and starvation) that allaws
scorpions 1o prosper under the unpredictable and low food availability condilions that
characterise deserts, 3) However, these traits lessen their impact on energetics, prey and
compelitors. Thus the imporntance of scorpions relative 10 homeothermic vertebrates is less
than an analysis of density and biomass suggest because scorpions require and process prey
in quantitics relatively low to their biomass. Nevertheless, as a group, scorpions arc probably
mpaortant conduils of energy lNow in deserts.

Research on the interattions among scorpions and between scarpions and spiders strongly
suggests that scorpions can play key roles in the strueture and dynamics of their communities.
Studics 10 the descrts of California, Baja California and Namihia show that intragoild
predation by scorpions is a major force deteanining the (temporal and spatial) distibution,
abundunce and age structure of populations of their compentorséprey. DA rencue, Scor-
pionida, age structure, distribution, intraguild predation, population and community ecol-
agy.

Gary A. Polis, Depanment of Biology, Venderbilt Universizy. Noshville, Tennessee 37235,

U.S.A.; 26 Ociaber, 1992,

Ecology is a rapidly developing area with a
greatdeal of internal argument and disagreement.
As in other ficlds, theory has advanced far more
rapidiy than cmpirical work. Consequcntly, much
theory is comroversial and in need of empirical
evaluation. Scorptons possess a number of char-
acteristics that make them ideal models to testand
advance ecological theory. Thus, it is relatively
easy to collect rapidly great amounts of data and
to manipulate experimentally individuals and en-
tire populations. Research on scorpions has con-
tributed 1o many areas of population, bechavioral
and community ecology: e.g.. the evolution of life
history theory (Polis and Farley, 1980), the evolu-
tion and ecology of age-structured populations
(Polis, 19844, 1988; McCormick and Polis,
1986a), the dynamics of cannibalism (Polis,
19802, 1981, 1984b), the dynamics of intraguild
predation (Polis and McCormick, 1986b, 1987,
Polis er al., 1989), the evolution and ecology of
foroging strategies (Polis, 1980h; Bradley, 1988),
patterns and processes in biogeography (Due and

Polis, 1986) and the pattcrns and processes atfect-
ing community and food web structure (Bradlzy,
1983; Polis, 19914).

fn this paper | evaluate the ‘ecologica)
importance” of scorpions. Throughout, 1 indicate
how research on scorpions bas advanced our
general understanding of ecology. Although
scorpions occur in almost all non-boreal habitats,
I focus nn desert scorpions because much
evidence suggests that they may be particularly
important components of arid ecosystems and are
a relatively “successful’ group. They are diverse,
some taxa are extraordinarily abundant, and, as a
group, they form a large propertion of the
biomass of all desert arthropods and easily ex-
ceed the biomass of all desert vertebrates. Their
success arises partially because they exhibit
several physiological and ecological traits that
pre-adapt thein to the low and unpredictable food
levels of deserts.

“Ecological importance’ can be expressed in
terms of either energetics and nutrient cycling
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(the quantity of matter and energy flowing
through a population or functional group) or
regulation of community structure and dynamics
(the impact on diversity, distribution and abun-
dance of other populations).

ENERGETICS AND NUTRIENT CYCLING

The importance of desert scorpions on energy
and nutrient cyvcling is a function of the quantity
of prey biomass captured. The amount of cap-
tured biomass is a function of the density, popula-
tion biomass, metabolism and efficiency of
energy transfer. 1 now present a very rough ap-
proximation of the relative importance of scor-
picns to the flow of energy and nutrients in desert
ecosystems. To approach this question, data were
compiled from the literature reporting the diver-
sity, density and biomass of varions groups of
desent taxa (see Polis, 1990, 1991b; Pnlis and
Yamashita, 1991 for additional details). These
data are not without bias and other problems. For
example. studies are nol usually conducted in
areas where the focal taxon is absent or rare; nor
are rare species studied as often as common ones.
Consequently, the statistics presented here over-
estimate density and biomass and should be taken
as a first approximation of actual parameters.
However, the data are instructive and suggest that
scorpions could be a major link in the flow of
energy through desent communities.

Group Density (no./ha) Diversily (no. species) (n
M ls (43130 28.5%213 14
Birds Da6x1.1 46.7%273 14
Lizards 363=42 12246 12
Lnsects 35,100 £ 54,600 592 +£79 10
Termites 4.025.000+2,793,000 (9.1 |5 7
Isopuils 241.810+336,850 1.320.8 7
Millipedes [ 1150+214 24%2) 7
Spiders 3220+ BRO0 544+26.7 il
Solpugids 9.9+6.7 37
Seorpions {3210+ 3500 7125 58

TABLE 1. Estimated average density and diversity of
major taxa of desert macrofauna reporied from the
lilerature. Diversity 13 the mean number of species per
taxon from local sites in different deserts. Density
statistics were standardized to a per hectare basis,
Means are reported with their standard deviations: n
= sample size. Note that these sianstics shouold be
viewed as very rough approximations rather than
absolute values. Note that data on ants were insuffi-
cient to include here (see Polis and Yamashita, 1991
for further details).
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How do desert scorpions measure against other
groups of consumers for these parameters? First,
scorpions are relatively speciose in deserts. On
the average, 7.1 species co-occur in desert
throughout the world (range: 2-16 sympatric
species. typacally, 5-9 species; Polis, 1990) (see
Table 1 for comparison with other desert taxa).
Furthermore, populations are often guite dense,
averaging>3200 individuals/ha with several
species mamtaining populations 5000-10,000/ha
(e.g., Shorthouse, 1971; Lamoral, 1978; Polisand
Farley, 1980; Polis and McCormick, 19864;
Bradley, 1986; Polis, 1990). On the average, scor-
pions are reportedly more dense than all other
macroscopic animal taxa in these deserts except
‘insects’, lermites, and isopods (ants are undoub-
tedly also more dense) (Table 1). Since scorpions
are among the Jargest of all terrestrial arthro
(adults of most desert species=0.5-10g; Polis and
Farley. 1980), these high densities produce rather
large estimates of standing biomass (= density of
individual species x mass of individual animal).
Each species population of desert scorpion
averaged 7.15 kg/ha. Only termites (and probably
anis) support a greater population biomass per

Taxan mim per g;’g‘:;;‘kg/h” n
Mammals 1.40 39.9 20
Birds 0.02 0.9 25
Lizands .57 6.8 16
'Insects” 0.88 521.2 31
Termites 12.45 11343 1
Isopods 9.91 12.8 2
Millipedes 1.15 2.8 2
Spiders 0.13 7.1 4
Seompions 7.15 SO.B 17
All veniebrates 477

All arthropads T708.1

All macrofauna 7558

TABLE 2. Estimated population biomass for various
taxa taken from literature. Population hiomass per
species 18 average wel weight of one species per
hectare, This statistic was sometimes reported: how-
ever, il was often calenlated by multiplying the
average mass of an individual times the density.
Population biomass per taxa is calculated as the
product of population biomass per species and
average diversity of that taxon. Note thal data on ants
were insulficient to include. Additional information
18 reported in Polis and Yamaghita (1991). n refers to
the number of species in a particular taxon for which
biomass data exist. Note that these stalistics are only
gross approximations of reality,
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species or per taxon (from the ordinal level down)
than scorpions (Table 2).

When the biomass of all scorpions living sym-
patrically in desert areas is calculated (= mass of
individual species x average number of sympatric
species), scorpions as a group exhibit a greater
biomass (= 50.8kg/ha) than all other taxa except
termites (=113.4Kg/ha) and the sum of all other
insects (=521.2kg/ha; Table 2). Note also that the
population biomass of scorpions is higher than
any one group of vertebrates (e.g., mammals and
lizards average 39.9 and 6.8Kg/ha) or all ver-
tebrates combined (47.7kg/ha). Overall, scor-
pions form 6.7% of the biomass of all macrofauna
species combined, 7.1% of the biomass of all
macroarthropods and 106% of the biomass of all
vertebrates.

Thus it would appear that they are important
conduits for energy transfer in deserts. However,
two characteristics lessen their importance. First,
they exhibit the highest ecological (production)
efficiencies (percent assimilated energy incor-
porated into new biomass) of all taxa that live in
the desert (Table 3). Second, they exhibit meta-
bolisms that are extremely low relative to other
poikilotherms and endotherms (Table 4). Al-
though these features are powerful adaptations
that allow efficient use of food and partially ex-
plain the success of scorpions in deserts, they also
function to decrease the amount of energy trans-

Group PIA%
Insectivorous mammals 0.86
Birds 1.29
Small mammals 1.51
*Other” mammals 3.14
‘Homeotherms’ 3.1
Fish 9.77
Social insects 10.3
Terrestrial inveriebrates* 25.0
Solitary herbivorous insects 38.8
Solitary detritivorous insects 47.0
Solitary carnivorous insects 55.6
Spiders 45-60
Scorpions 68.2

TABLE 3. Ecological (Production Efficiency) of
various animal taxa. This efficiency is equal tothe
proportion of assimilated energy that is incorporated
into new biomass (=Production/Assimilation). Notc
that the highest efficiencies are found in carnivorous
insccts, spiders and scorpions. *Terrestrial inver-
tebratcs do not include insects or arachnids. (primari-
ly from Humphreys, 1979; see Polis and Yamashita,
1991 for further details).
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ferred. Thus a gram of scorpion does not process
as much food as a gram of arthropodivorous
vertebrate. Overall then, desert scorpions are less
important in energy and nutrient cycling than
their diversity, abundance and biomass suggest.

How much energy do desert scorpions process?
We have two estimates. Polis (1988) calculated
that average populations of Paruroctonus
mesaensis used 9000 grams of prey/ha/year. The
Australian Urodacus yaschenkoi requires
7900g/ha/year; this translates into 98,400 ants or
31,570 medium sized spiders eaten per hectare
per year (Shorthouse, 1971; Marples and Shor-
thouse, 1982). It is uncertain exactly how such
figures for individual scorpions or for the sum of
all sympatric species of scorpions compare to
those for vertebrates. This is an interesting qucs-
tion to pursue.

INFLUENCE ON COMMUNITY
STRUCTURE AND DYNAMICS

The second measure of ecological importance
is to determine how a taxon influences the
dynamics, distribution and abundance of other
taxa. In theory, scorpions can influence desert
communities in many ways: as predators affect-
ing characteristics of their prey, as prey of other
predators and as competitors of other
arthropodivores.

One of the basic questions in ecology is: “What
factors determine the distribution and abundance
of species?” To approach this question, re-
searchers often focus on groups of similar species
that use similar resources; especially those
resources the supply of which may be limiting
and in demand (e.g., food). Such species groups

Taxon Metabolic rate (m)/O»/gm/hr)
Homeolherms (basal rates)
Mammals 0.07-74
shrew 7.4
rodents 1.80
elephant 0.07
Birds 2.3-4.7
Poikilotherms (at 25°C)
Insects 1.665+1.25
Spiders 0.92 +0.92
Scorpions 0.057+0.048

TABLE 4. Metabolic rates of various animal taxa. The
data are taken from many sources. The sample size
forinsects is 82 species; for spiders, 8 species; and for
scorpions, 7 species. (see Polis and Yamashita, 1991
for further details).
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are called guilds (= a group of species that vse
resources in a similar way and are thus potential
competitors). For example, guilds of desert
granivores (birds, ants, rodents) all eat seeds,
regardless of specific differences in rescurce ac-
quisition.

One approach to study guilds is 1o descobe their
patterns or structure, By guild structure, we mean
the diversity and abundance of species members;
spatial and 1emporal patterns and resource use
(i.e., niche characteristics). However, such
descriptive studies. although common, are not
Tully satisfying because they do not directly ad-
dress |he processes that produce the observed
patterns.

An alternative approach 1s to determime if guild
members interact, and if so, can such interactions
sigmticantly shape gwild structure. There are
several possible ways that guild members can
interact. These range from cooperation and
mutualism 1o competition and even predation,
Such predation among puild members is called
intraguild predation (Polis and McCormick,
1987; Polis et @i., 1989). Intmguild predation is
an ubiguitous interaction among many as-
semblages of potential competitor bul hus
received little formal attention from cither
theonsts or empiricists (Polis et al., 1989),

One majoi theme of my research with scor-
pions has been to analyze the charactenstics and
sigmificance of intraguild predation. Many scor-
pion prey items (other scorpions, spiders and
solpugids) are also pelential competitors with
seorpions (Polis, 1990; Polis, 1991a. b: Polis and
Yamashita, 1991).1 present information on three
systems; in each, scorpions frequently eat species
in the same guild of anhropodivorous predators
and suchintraguild predation significantly affects
the distrbution, abundance and population
dynamics of these potential competitors, I used
scorpions in these studies as models to delimcate
the charactenstics and dynamics of intragumld
predation. These studies illustrate how scorpions
have proved to be extracrdinarily amendable for
ecological research: large amounts of duta can be
collected, 1nteractions (e.g., feedings) observed
and quantified relatively easily, and individuals
or whole populations manipulated experimental-
ly. For example, in the first study, field data were
collected on 130,000 individuals, 2000 feedings
and 6000 individual scorpions were manipulated
in controlled field experiments.

MEMOIRS OF THE QUEENSLAND MUSEUM

INTERACTIONS AMONG SCORPIONS
IN THE COACHELLA VALLEY

Four species of desent scorpion co-occur in
sandy habitats on the floor of the Coachella Val-
ley {Riverside County, Califomia). Three are in
the family Vaejovidae (Paruroctonus mesaensis
Stahnke, P. lutealus Gertsch and Vaejovis con-
Jusus Srahnke), one (Hadrurus arizonensis
Ewing), the lundae (Polis and MceCormick,
1986a, 19R87). Paruroctonus mesaensis form
>95% of all individuals and oceur at densities in
the range of (.2-0.5 individuals/ba; the other
three species are relatively rare. Each species
requires 2-S years to mature and 1s composed of
seversl distinctly sized year classes. Size changes
greafly, e.g., P, mesaensis increase 60-80 umes
in weight from 0.03g (instar 2) to 2.0-2,5g (non-
gravid adults). The year classes and species over-
lap to various degrees in vse of msect and
arachnid prey; average overlap among all species
is moderate to high (0.67 [prey size] and 0.43
[prey taxal). Thus, the scorpions potentially com-
pele fur foed.

Extensive inraguild predation occurs among
the four species; Table 5 presents a matrix of who
eats whom, Several factors characterize this in-
traguild predation: 1) Each species was both an
intraguild predator and prey. Such mutual preda-
tion occurs simply because the predator scorpion
was always larger regardiess of the species com-
bination involved (n= 170 scorpion-scorpion
predations). Thus scorpions of all species are
vulnerable as they grow from small juveniles to
full size adults and predatory reversals {mutual
predations) are common, For example, young P.
mesaensis scorpions are ealen by relatively larger
adult P. luteolus and Vaejovis confusus; adult P.
mesaensis prey on the (now) relatively smaller
adults of these species. Thus age/size is a key

PREY
PREDATOR Hari [Pl | Pomey |V.ean |Total
Hadrurus .0 6.1 125 (3.1 218
P, luteolus 0.0 333 |67 6,7 46.7
P mesaensis 0.4 05 50 83 142
Vaejovis 0.0 00 8.0 4.0 120

TABLE 5. Scorpion-scorpion predation in the
Coachella Valley. The entries represent the percent of
the diet that each species forms ag prey for each of the
four scorpion species. The diagonal represents in-
traspecific predation (cannibalism) (from Polis & Mc-
Cormick, 1987). H.ari=Hadrurus ariconensis; P.lut
= Paruroctonus luteolus; P.mes= Paruroclonus
mesaensis; V.con =Vaejovis confusus.
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determinate of intraguild predation: adults are the
predators and immature individuals are the prey
significantly rnore frequently than expected by
chance. 2) The most commeon species (P, mesaen-
si5) was the predator in 91% of all intraguild
predations observed, Its average overlap in prey
use (= 0.44) with other scorpion species was
second haghest 3) Intraguild predation, atleast by
P. mesaensiy, 1s significantly more frequent when
prey availability was low: when <1% of the
population was feeding, heterospecifics formed
35% of all diet items, In contrast when the percent
fecding was >5%, only 3.2% of all prey were
other species of scorpion. 4) Mortality caused by
intraguild predation was geoerally an inverse
function of the density of both P. luteolus and V.
confusis; this resulted because much of the sur-
face activity of these iwospecies oceurred during
(less productive) penods when £ mesaensis wis
absent from the surface. 5) Intraguild predation is
important in scorpion populiation dynamics,
When analyzed as percent monality of small
species (here = total number of individuals caten
by P. mesaensis divided by the total number ever
ohserved), intraguild predation by P. mesaensis
killed 8% and 6% of all P. luteolus and V. con-
Jusus ever observed,

Can suchhigh rates of montality cause the rarity
of these species? It 1s only possible w approach
this question using field experiments. Removal of
6000 P. mesaensis (=3.2Kg) from 300 (100m")
quadrats over a 29 month period demonstrated
that the rarity of these species is caused substan-
tially by intraguild predation from P. mesaensis.
6) Both P. lureolus and V. confusus (but not H.
arizonensis) increased significantly (600% and
135%) in removal as compared with 60 control
quadrats. It was speculated that the rarity of the
largest species (H. arizonensis) 18 a tesult of a
bottleneck in adult recruitment; predation by P,
mesaensis killed >10% of all newborn H.
artzonensis observed during the study. 7) The age
structure of these smaller species was significant-
ly different in removal areas: first year juveniles
were 1.75 to 2.85 more abundant in removals
versus controls. This suggest that the numerical
tesponse by the rarer species would be even more
dramatic if this experiment continued beyond its
29 month period. Note that a plausible altiernative
hypothesis exists: removal of P. mesaensis
relaxed exploitation competivon and thus al-
lowed the ohserved increases in density. A robust
test failed to detect competition in this system
{Polis and McCormick, 1986b, 1987).

Thus, intraguild predation by F. mesaensis sig-
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nificantly depressed the abundance of the rarer
species. Does intraguild predation likewise affect
thesr distribution” Since predation 1s apparently a
key factor in the population dvnamics of these
species, natural selection is expected to favor
adaplations that reduce the probability that an
ndividual will encounter its predator. Indeed
prey often avord places and tmes that their
predators frequent or where the probability of
predation s high (see Polis and McCormick,
1987). Typically, the large predatory entity (e.g.,
scorpion species andfor age class) occurs n
productive periods and microhabitats whercas
smaller entities coexist by spatial segregation in
a heterogeneous habitat amd by temporal dis-
placement.

The temporal and spatral distribution of smaller
age classes and species of Coachella Valley scor-
pions reflect aveidance (in ecological and/or
evolutionary time) of larger age classes and
species. The overall distribution of P. luteclus
and V. confusus tend to place these species on the
surface during Limes (in winter, late fall) and in
places (off sand) characterized by relatively low
surface populations of adult P. mesaensis. These
times and microhabitats support significantly less
prey than those used by adult P. mesaensis; con-
sequently P. mesaensis has a feeding rate (2.95%)
significontly greater than all other species com-
bined (1.70%). Further, the minority of F.
Iurecius and V. confusus that forage when and
where P. mesaensis is active suffer a dispropor-
tionately greater chance of being eaten by F.
mesaenxis, Intraspecilic predation (cannibalism)
has produced similar patterns of temporal dis-
tribution, feeding and mortality patterns among
age classes of P. mesaensis (Polis, 1980, 1984a),

Thus, intraguild predation is an important Fac-
tor limiung the abundance and shaping the dis-
tribution of these scorpivons, Many other
assemhlages of desert scorpions exhibil pallerns
{hat suggest that scorpion-scorpion predation 1s 4
major process shaping distribution and abun-
dance (Polis and McCormick, 1987, Polis, 1991,
but sce Bradley, [988).

INTERACTIONS AMONG SCORPIONS,
SPIDERS AND SOLPUGIDS
IN THE COACHELLA VALLEY

Scorpions also frequently eat competitors other
than other scorpions. For example, the diet of the
scorpion P, mesaensis consisted of 8% spiders
and 14% solpugids (Polis and McCormick,
1986b). Does such intrageild predation sig-
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nifieantly affeet the distribution and abundance
of these unrelated taxa? Spiders responded in the
above experimental removal of >6000 P.
mesaensis by doubling in removal quadrats as
compared to controls. Surprisingly, neither sol-
pugids nor all insects combined increased sig-
nificantly (all p >.05) in removal plots. These taxa
did not increase either because individuals dis-
persed from removal areas, becausc the inerease
of spiders and smaller seorpions compensated for
the removal of P. mesaensis by eating surplus
arthropods, or simply that scorpions exerted little
impact on insect populations. The first explana-
tion is likely true for widely foraging solpugids
and is possible but unlikely for the more sessile
inseets. The second explanation is unlikely: the
biomass increase of spiders and scorpions repre-
sented <10% of the removed P. mesaensis
biomass. The third explanation, difficult to ac-
eept, is nonetheless a real possibility: P. mesaen-
sis may take sueh a small proportion of all insects
that its removal does not affeet inseet density.

INTERACTIONS BETWEEN SCORPIONS
AND SPIDERS IN THE NAMIB DESERT

Predation by seorpions on spiders also appears
to be a key determinant of spider densities in the
Namib Desert (Polis and Seely, unpublished re-
search, 1988, 1989). Both the scorpion Uroplec-
tes otjimbinguensis (Karsch) (Buthidac) and the
spider Gandanimeno echinatus (Purcell)
(Eresidae) live under loose bark on larger Acacia
trees and are the major arboreal predators of
insects on sueh trees. Populations of G. echinatus
are severely reduced when they co-occur locally
on Acacia erioloba trees with the scorpion U.
otjimbinguensis. This system is a model example
how predator-prey interactions are complieated
greatly by patterns of loeal distribution. Not all
suitable patehes (Acacia trees) contain the full
array of local species capable of existing within
the patch. Trees grow along the banks of dry
rivers (e.g., thc Kuiseb) and become less dense
and more sporadic with increasing distanee from
the river bed. The local abundance of scorpions
and spiders on eaeh tree is a funetion of differen-
tial dispersal, extinction and a predator-prey
relationship with U. otjimbinguensis scorpions
eating G. echinatus spiders. Although both
speeies are found on river trees, U. otjintbinguen-
sis is, with no exeeptions, the numerically
dominant speeies (10-50 scorpions/trees) and G.
echinatus is relatively uncommon (5-20/tree).

MEMOIRS OF THE QUEENSLAND MUSEUM

This occurs because scorpions are effective
predators on these spiders.

However, this outcome is more variable on
isolated trees further from the river and along
smaller washes entering the river. On some trees
close to the river, the abundance of seorpions and
spiders is similar to that found in the river. How-
ever, some trees have no scorpions and great
numbers of spiders (50-400/tree); some trees
have neither scorpions nor spiders; and some, no
scorpions and few (<20) spiders. Overall, trees
without scorpions support significantly more
spiders (112.3%60.6, n = 21) than trees with
scorpions (24.5%x14.3, n =20) (p <0.001; only
experimental trees seored). This variation in
abundance and these distributions exist bceause
neither U. otjimbinguensis nor G. echinatus dis-
perse far from the river, yet spiders disperse fur-
ther than scorpions. Dense spider populations
occuronly in more isolated trees where seorpions
are absent. In trees quite distant from the river,
neither species oceur.

Does intraguild predation by U. otjimbinguen-
sis scorpions on G. echinatus spiders produce
such patterns of distribution and abundance? Ad-
ditions of Uroplectes over a one year period to
scorpion-free trees (n = 11) highly significantly
(p <.001) redueed G. echinarus populations to
42% of that on control trees (n = 12). Removal of
scorpions from trees (n= 8) also produced a high-
ly signifieant, 2.9 times increase in G. echinatus
as compared to control trees (n= 12) with their
full eomplement of seorpions.

These experiments showed that intraguild
predation was coneentrated on young spiders and
eould signifieantly alter age distributions (p
<.001 for eaeh of the following comparisons):
The smallest size class of spiders on ex perimental
trees represented 49% of the population (n = 728
spiders) one year after seorpions were removed
eompared to only 31% (n =221) on control trees
where scorpions remained; similarly, the smallest
size class formed 48% of all spiders (n = 903) on
trees where scorpions were not present eompared
to 34% (n = 820) on those trees to whieh seor-
pions were added.

Thus differential dispersal and semi-deter-
ministic biotic interactions combined with differ-
ing isolation of patches are major determinants of
the distribution, abundance and age structure of
thcse species. In general, historical and stochastic
dispersal events in patehy environments are a
paramount faetor explaining the distribution and
abundance of predators and their prey and speeies
of competitors (Polis, 1991b; Polis and
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Yamashita, 1991). Such conditions can produce
local extinctions or great vanance in abundances
via deterministic biotic interactions, but promote
global coexistence. I suspect that such situations
are normal among many species living in the
notoriously heterogeneous desert. Many such as-
semblages occur in patches; differential disper-
sal, local extinctions and ‘hide-and-seek’
dynamics are undoubtedly extremely important
in determining the exact structure of local as-
semblages. Unforiunately, little research has
focused on these processes. The system with
scorpions and spiders on Acacia trees is ideally
suited to analyze such processes and represent
another example of the use of scorpions to ad-
vance our comprehension of ecological proces-
SES.

INTERACTIONS BETWEEN SCORPIONS
AND SPIDERS ON ISLANDS
IN THE GULF OF CALIFORNIA

This system shows several of the same general
processes as the one on Acacia trees in the Namib
and illusirates the importance of predator-prey
interactions vccurring between spatially struc-
wred populations. Spider, scorpion and/or lizard
populations on small islands (approximately
<1km®) are 1-3 orders of magnitude more dense
than on larger islands (approximately 1-
1000%km”) and the mainland; si ignificant negative
relationships occur between island size and den-
sity for each of these taxa. For example, the
scorpion Cenirureides exilicauda is 2-25 rimes
more abundant on small islands, Three major
variables likely explain the great variance in
spider abundance: 1) the presence of scorpion
predators (often absent trom small islands): 2) the
dispersal and colonizing ability of spiders relative
to scorpions (better colonizers of small islands as.
compared to scorpions); and 3) differential ener-
gy flow from marine to terrestrial systems (much
greater to smallislands).

This research has been in progress for four
years (1989-1992) in the Midrift area of the Gulf
on 41 island and 6 mainland sites between Bahia
de Los Angeles (Baja California del Norte,
Mexico) and Guaymas {Sonora, Mexico) (Polis
unpublished). Scorpion and spider abundance
were quantified at each site: spiders were counted
on >4000 cacti (one sample unit) and SR000m” of
supralittoral shoreline (another sample unit). In-
sect abundance was estimated at these sites for
>1000 trap days.

Small islands (<1km?®) exhibit highly sig-
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nificantly greater secondary production of
arthropods than larger islands and mainland
areas. However, high productivity is not from
autechthonous pnmary production by terestnal
plants, Evidence strongly suggests that alloch-
thonous production from the ocean is the prime
source of productivity, Many islands are ‘desent
islands' with limited primary productivity from
terrestnial plants. Several of the most productive
smallislands support 2-28 plants (individuals, not
species) yet 200-1000 spiders can occur on a
single cactus!

Small islands are more productive than lasge
islands and mainland areas for two reasons_ First,
the Perimeter : Area ratio of an island decreases
with size (perimeter is a linear function; area, a
square function). Thus small islands have rela-
tively more shoreline per unit area of land and
consequently, receive relatively more nuirien
and energetic input from marine drift (shore
wrack-algal and animal detritus). Second,
species-area relations are such that small islands
lack predators of nesting marine birds; thus small
islands support large colonies of pelicans, gulls,
petrels and temns.

Marine detritus and material from nesting birds
are eaten by many (semi-) temrestrial anhropods.
Some arthropads cat dead bird tissue (eges.
chicks. adults) and fish scraps. However, dipteran
parasites are dense consumers of nesting birds
and form an important conduitof energy from the
sea 1o spiders. Trapping shows that insect abun-
dance is haghly significantly {p<0.001, all com-
parisons) greater in both supralittoral zones and
around nests than other areas on these islands and
on islands with colonies of manne birds com-
pared 10 those without colonies {also see Due and
Polis, 1985). Dietary analysis shows thal
detritivorous and parasitic arthropods act 48 con-
duitz of energy from the sea when converted 10
large populations of tervestrial spiders, scorpions
andfor lizards, For example, spiders are 2-5 times
more dense on slands with colonies of manne
birds versus those without colonies.

Predation is also an extremely imponiant vari-
ahle determining the abundance of these taxa. On
Gulf Midnft islands, spider abundance is sig-
nificantly lower in the presence of scorpions and
lizards (particularly, Cemrurmdes exilicauda and
Uta vmnsburmna. 1990; 0,19/m’ cactus, 199l
2.5/m’) versus their absence (63.4/m": 28. 2im’;
both p<.005), The impornance of scorpions but
not lizards on spider abundance is suggested by
the analysis of 10 islands near Guaymas in
Sonora. Here, spider density is 38 times less
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(0.41/m’ cactus) on all islands with C, exilicauda
in=8) compared to those with lizards (15.3/m’
cactus; n=2).

The final variables n this system are spabial
structure and colonization ability, Incidence
functions (petcent occurrence on islands clas-
sified by area) deseribe (ke ability of axa to
disperse to and successfully remain on islands of
different sizes. The mcidence curves suggest that
relative ability to colonize small islands roughly
can be ranked: Spiders> Ura lizards> Scorpions>
Nest predators >Songbirds, Colonization would
be deterministic if a particular taxon were always
present or absent for all islands of a particular size
class. In fact, mcidence values for smaller istand
size classes are neither 0 nor 100%, suggesting
that presence or absence of a particular taxon is
somewhat stochastic. Thus some small islands
exhibit high densities of spiders because scor-
pions are absent whereas other similar sized is-
lands exhibit Jow densitics of spiders because
SCOTPIONS are present.

An integration of colomizing abilities, produc-

1990 datawithbizsrds  |0f |55 IMs [F |pF
Regression 4 325 |08 |867 [0.0008
Error 15 142 |oos

Total 19 4.65

Perimeler: Area | 10,3 | 00058
Seorpion presence | 1429 10.0559
Lizard presence j 032 |0.5827
Cactus voliline | 120 102502
Toral 'S this mudel =070 !

1991 dste with lizards dr S5 MS 13 p>F
Regression 3 313 (1.4 1L01 | 00004
Ervor 16 151 |D.09

Total 19 4.65

Penmeler: Arsa 9,06 |D.0083 f
Scorpion presence 5.80 |0.0285
Liziard presence 376 |D.Y96RT
Toual R 1his model =0.674

TABLE 6. Multivanate regression of factors that may
influence spider abundance on islands in the Gulf of
Califorpia in 1290 and 1991. The maximum R im-
provement technique is used; this produces Lhe best
model given ull the independent vadables. Inde-
pendent variables include lizard presence, scorpion
presence, perimeler: area ratio of island, mean cactus
volume/istand and prey availability/island. The best
two variable model includes perimeter: area ratio and
scarpion presence. Three varishle models are
presented with Tizards. The effect of lizards is always
non-significantly weak, regardless of what higher
order mode! 1% used.
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tivity and predation is required to understand the
distribution and abundance of these taxa. Each
factor varies more or less regularly with island
size: generally, as size increases, secondary
productivity decreases, predation increases and
the importance of differential colonizing ability
diminishes. Multivariate analysis allows statisti-
cal dissection to determine the relative contribu-
tion of each of these factors to the observed
vanance in spider density. This analysis (Table 6)
shows that spider density is a significant positive
function of prey availahility and significantly
depressed in the presence of scorpions.
Arthropodivorous lizards are a seemingly unim-
portant factor, explaining almost none of the
variance in spider abundance on Midrift islands.

In summary: Productivity sets potential maxi-
mal pepulation size. Smallslands are much more
productivethan larger islands because of the rela-
tive greater input of marine allochthonous
productivity from drift and marine birds,
Colonizing ability establishes the insular species
combinations; species-area relations show that
larger islands are moere diverse and support more
types of predators. The realized abundance of
terrestrial taxa is limited by (intraguild) preda-
tion. For example, if scorpion predators are ab-
sent, spiders are dense on small, high productivity
islands. When scorpions are present, spider den-
sity is lower (but still higher than on large islands
and the mainland) and the density of scorpions is
relatively high. As island size increases, produg-
tivity decreases because nest predators are
present (thus bird colonies disappear) and alloch-
thonous detrital input decreases as a function of
island Perimeter : Area ratio. Eventually, as is-
land size increases (with decreases in produc-
uvity and increases in predation), the abundance
of spiders, lizards and scorpions decreases until
abundance on very large islands approaches that
of the mainland. Strong predation from many
sources occurs on the relatively low productivity
mainland; consequently, populations of spiders,
scorpions and lizards are quite low.

CONCLUSIONS

This paper presents various types of data to
cvaluate the ‘ecological importance’ of scorpions
in deserts. Ecological importance was first con-
sidered in terms of population energetics (the
quantity of energy and mass flowing through
scorpion populations) and second, in terms of the
regulation of community structure and dynamics
(how intragmld predation by scorpions influen-
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ces the distribution and abundance of their com-
petitors/prey). The energetic analysis provided
three conclusions: 1) Scorpions are quite diverse
and abundant in deserts, They monopaolize a rela-
tively large share of animal biomass in desert
communities, particularly relative to vertebraies
and other arthropods. 2) Their relative success is
due to a suite of autecological traits that are
particularly suited to the harsh and vanable
clhimatic conditions of desernts. These traits (very
low metabolism and very high assimilation ef-
ficiency leading 1o low energy requirements: and
great tolerances to water stress, heat and starva-
tion) preadap! them to prosper successfully under
the unpredictable and low productivity food
availability that characterize deseris. 3) However.
these traits (low metabolism and high assimila-
uen efficiencies) lessen their impact on ener-
getics, prey and competiters. Thus the
importance of scorpions relabve to homeother-
mic vertebrates is less than an analysis of density
and biomass suggest becanse scorpions require
and process prey in guantities relatively low to
their biomass. Nevertheless, asa group, scorpions
are probably important conduits of energy flow
in deserts.

The research on the interactions among scor-
pions and that between scorpions and spiders
strongly suggests that scorpions can play key
roles in the structore and dynamics of the com-
munities in which they live. These studies
showed that intraguild predation by scorpions
was a major force determining the (temporal and
spatial) distribution, abundance and age structure
of populations of their competitors/prey. How-
cver, as an important caveat, these interactions
must be viewed in the context of the environment
in which they occur. Dispersal ability, spatial
structure and productivity are just some of the
possible important factors that moderate the
predator-prey interaction between scorpions and
their intraguild prey.

The role of all ecologists is to integrate these
factors to produce a synthetic understanding of
the processes and dynamics that structure natural
communities. T suggest that scorpions are par-
ticularly suited for this task and will continue to
be a productive vehicle to advance the theoretical
and empirical body of ecalogy.
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